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Abstract
The multi-year (2015–2017) drought in the South West of the Western Cape
(SWC) caused a severe water shortage in the summer of 2017–2018, with damaging
impacts on the local and regional economy, and Cape Town being in the news one
of the first major cities to potentially run out of water. Here, we assess the links
between the rainfall deficits during the drought and (a) large scale circulation
patterns, (b) moisture transport, and (c) convective available potential energy
(CAPE). We used self-organising maps (SOM) analysis to classify daily ERA-
interim 850 hPa geopotential height for the period 1979–2017 (March–October)
into synoptic types. This allowed us to identify the dominant synoptic states over
Southern Africa that influence the local climate in the area affected by the drought.
The results show that (a) the frequency of nodes with rain-bearing circulation types
decreased during the drought; (b) the amount of rain falling on days that did have
rain-bearing circulation types was reduced, especially in the shoulder seasons
(March–May and August–October); (c) the rainfall reduction was also associated
with anomalously low moisture transport, and convective energy (CAPE), over
SWC. These results add to the existing knowledge of drivers of the Cape Town
drought, providing an understanding of underlying synoptic processes.
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1 | INTRODUCTION
The South West of the Western Cape (SWC) Province in
South Africa experienced a multi-year drought, spanning
the years 2015, 2016, and 2017, which contributed to the
most severe water shortage experienced by the Province in
the last century (Botai et al., 2017). The fear of running out
of water—called “Day Zero” in the media—before the onset
of the winter rainfall season of 2018 forced the City of Cape
Town to impose severe restrictions on water usage, and to
implement emergency supply augmentation measures. The
drought and the associated water crisis had large socio-
economic impacts at national and local levels. The Western
Cape Province contributes about 14% to the country's Gross
Domestic Product and its agricultural sector, one of the most
affected because of the high dependence on water for
irrigation, reported losses estimated to 5.9 billion of
South African Rand in the 2017–2018 season (Pienaar
and Boonzaaier, 2018). The length (2015–2017) and
severity of the drought has attracted public and media
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interest about the likely causes of the drought, including
the potential influence of anthropogenic climate change
on drought occurrence, persistence, and likelihood over
the region.
The SWC is characterized by a mediterranean climate
and is part of the austral winter rainfall region of South-
ern Africa. During the summer months (DJF), the two
subtropical anticyclones—South Atlantic and South
Indian Highs—form strong subsidence and a persistent
high-pressure field over the subcontinent, leading to dry
and warm conditions over the SWC (Reason, 2017). The
SWC receives most of its rainfall, about 60–70%, during
the winter months (June–August or JJA) (Reason and
Jagadheesha, 2005), when the two subtropical anticy-
clones move northwards, enabling the strengthening and
the northward expansion of the westerlies, and resulting
in the rain-bearing frontal systems associated with mid-
latitude cyclones moving across the SWC. Given the
dominance of that mechanism, the variability of winter
rainfall in the SWC depends on drivers affecting the posi-
tion, strength, and frequency of these westerly cyclones.
The Antarctic Oscillation (AAO)—also called Southern
Annular Mode (SAM)—which expresses pressure differ-
ence between mid- and low-latitudes, and thus indirectly
influences the latitudinal position of the westerlies, has a
strong influence on core winter rainfall over western
South Africa. A negative AAO phase is correlated with wet
JJA and is associated with: the northward shift of the sub-
tropical jet, increases in low-level moisture transport, and
increases in low-level convergence and vorticity, which
overall indicate an equatorward shift and strengthening of
the mid-latitude storm tracks in the vicinity of South Africa
(Reason and Rouault, 2005). These relationships are
reversed during positive AAO phases.
ENSO has a weaker influence on SWC rainfall.
Philippon et al. (2012) reported a positive correlation
between early winter (MJJ) rainfall over the Western
Cape and the Niño3.4 index in the post-1976 period, but
that relationship was not consistent through time, and
not present in the other seasons, even in MAM and JAS.
Other factors shown to affect SWC rainfall include local
SST anomalies (Reason and Jagadheesha, 2005) and sea
ice anomalies (Blamey and Reason, 2007).
While most of these studies focused on the relation-
ship between specific synoptic drivers and rainfall vari-
ability in the Western Cape region, Wolski et al. (2018)
used circulation classification with self-organizing maps
(SOMs) to quantify rainfall variability that can be
explained by the frequency of circulation types over a
winter (Cape Town) and summer (Johannesburg) rainfall
regime in South Africa. Over Cape Town, the synoptic
states represented in the SOM classification of pressure
field-related variables explained between 40 and 60% of
the winter (JJA) rainfall interannual variability at a local
scale. Lennard and Hegerl (2015) examined the relation-
ship between changes in synoptic-scale circulation and
rainfall response under winter and summer rainfall
regimes in South Africa using SOMs. They found that in
the winter rainfall zone, mid-latitude cyclones are the
dominant rain-bearing circulation states, and that there
was a significant upward trend of summer (dry) circula-
tion modes in summer, winter, and spring seasons over
31 years (1979–2009).
The synoptic anomalies underlying the 2015–2017
drought in the SWC have been described by Sousa
et al. (2018) and Mahlalela et al. (2019). The first of those
studies shows the strong influence of AAO (positive
phase) and the associated poleward shift of moisture
transport corridors (atmospheric rivers) due to the latitu-
dinal expansion of the two subtropical high-pressure sys-
tems in the South Atlantic and Indian Oceans. The
second study investigated the atmospheric mechanisms
behind the drought with a major focus on the early win-
ter (April–May) rainfall variability in the Southwestern
Cape region, and found that dry early winters over the
Southwestern Cape were associated with a stable atmo-
sphere characterized by a weak subtropical jet and less
moisture entering the region. Also, Burls et al. (2019)
linked the drought to a long-term decrease in rainfall
events during cold fronts over the Western Cape region.
They associated these changes in rainfall characteristics
to Hadley Cell expansion over the Southern Hemisphere
and to the upward trend in high-pressure conditions in
days following the passage of a frontal system. This pro-
cess enhances drying particularly over the mountainous
areas. Abba Omar and Abiodun (2020) investigated the
characteristics of cut-off lows during the 2015–2017 West-
ern Cape drought. Their findings suggest that an
increased cut-off lows-related rainfall in 2015 and 2016
reduced the severity of the drought. But, in 2017, most
cut-off lows were located further south and did not reach
the Western Cape region, resulting in reduction of cut-off
lows rainfall and increased severity of the drought.
Climate projections over Southern Africa indicate
that the region will become drier, with significant expan-
sions of arid and semi-arid zones due to global warming
(Feng and Fu, 2013; Cook et al., 2014; Niang et al., 2014;
Lehner et al., 2017). The winter rainfall region in the
southwest is also projected to experience drier conditions
due to the southward shift of the mid-latitude rainfall
producing systems (Moise and Hudson, 2008; Shongwe
et al., 2009; Department of Environmental Affairs, 2013).
Consequently, people living in this region will become
vulnerable to water scarcity and land degradation (Feng
and Fu, 2013). Also, Lehner et al. (2017) and Niang
et al. (2014) projected an increased risk of multi-year
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severe droughts in these regions during the 21st century.
Hence, the following question related to the nature and
origin of the drought become relevant: Is the recent
multi-year (2015–2017) drought in the SWC the “new
normal” because of climate change? Otto et al. (2018)
showed that the three year (2015–2017) precipitation
mean, used to represent the meteorological aspects of the
drought, was rare in the context of the last 100 years of
data with probability of occurrence of 1 in 150 years
(at a sub-regional scale; Wolski (2018) shows 1 in
300–400 years at local scale) and concluded that the like-
lihood of such drought has increased by a factor of three
because of anthropogenic climate change. While that
study provides essential information on the likelihood of
the event and the contribution of anthropogenic climate
change to its occurrence from the perspective of rainfall
as a surface expression of the state of the climate system,
it did not explicitly address the dynamical processes
behind the 2015–2017 SWC drought. The present study
contributes to addressing that gap.
This study identifies and characterizes the anomalies in
atmospheric circulation as well as anomalies in rainfall
responses to the synoptic forcing during the 2015–2017
SWC drought. We first apply the SOM algorithm to
reanalysis datasets to identify the synoptic circulation states
over Southern Africa and examine how they relate to rain-
fall characteristics over the SWC in South Africa during the
2015–2017 drought. In that, we extend studies by Sousa
et al. (2018) and Mahlalela et al. (2019) by identifying the
synoptic drivers of the 2015–2017 multi-year drought over
the SWC using the SOM classification algorithm. Subse-
quently, we also analyse the relationship between the rain-
fall anomalies and the main meteorological variables
describing the state of the local atmosphere. The following
sections of this manuscript describe the data and methodol-
ogy used in the study, present the main findings and dis-
cuss them in connection with previous studies.
2 | DATA AND METHODS
2.1 | Data
In this study, we used surface station observations and
reanalysis datasets. The observational dataset comprises
rainfall station records covering the SWC obtained from
the South African Weather Service (SAWS). We quality-
controlled the SAWS datasets and only used stations with
less than 2.5% of missing daily data between January
1979 and October 2017. A total of 22 rainfall stations
(Figure 1a) passed these quality criteria and were
analysed in this study. The analysis includes all months
between March and October from 1979 to 2017. We only
used the regional mean rainfall, calculated using the
22 selected stations in Figure 1a, except when otherwise
specified. We also use a gridded rainfall dataset, the
Global Precipitation Climatology Centre dataset (GPCC;
Schneider et al., 2011). GPCC provides global monthly
precipitation available on different grid resolutions. For
this study, we only analysed the GPCC monthly rainfall
data at a grid resolution of 1 × 1 for the period
1979–2017 averaged over the SWC domain in Figure 1a
(31–35S and 17.5–21E)
To capture synoptic circulation over the region, we used
the European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim (ERAINT) reanalysis dataset (Dee
et al., 2011). ERAINT data are available on the grid size of
0.75 × 0.75 from 1979 to 31 August 2019. The primary
variable used to derive synoptic states is daily geopotential
height at 850 hPa pressure level. We also used ERAINT
daily specific humidity (q), meridional (v) and zonal (u)
wind components (V
!
) at all available pressure levels (from






We also analysed ERAINT daily convective available
potential energy (CAPE) and rainfall for the same period
(1979–2017).
2.2 | Methods
To identify the synoptic circulation patterns over Southern
Africa associated with rainfall over the SWC in South
Africa, we applied self-organizing maps (SOMs) analysis to
ERAINT daily 850 hPa geopotential height datasets using
all days from March to October for the period 1979–2017
over a small Southern African domain extending from 0
to 34.5E and 19.5 to 45S. This domain is large enough to
capture the major synoptic features such as the subtropical
anticyclones and the westerly winds that influence rainfall
variability over the SWC. It is similar to the domain used
by Wolski et al. (2018) to assess rainfall variability over
Cape Town based on SOMs. 850 hPa geopotential height
is considered the best single predictor field characterizing
rainfall variability over Southern Africa (Landman and
Goddard, 2002).
SOM is an artificial neural network-based cluster
analysis that identifies frequently occurring spatial pat-
terns in multidimensional datasets by clustering and
reducing their initial dimensions (Kohonen, 1990, 2013;
Vesanto and Alhoniemi, 2000; Johnson, 2013). A SOM
analysis organizes its input vectors into characteristic
nodes or patterns by grouping similar patterns closer together
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and non-similar patterns apart away, typically within a
2-dimensional array of states (Sheridan and Lee, 2011). SOMs
have been extensively used in atmospheric studies as a syn-
optic classification approach to characterize atmospheric
circulation states and how they relate to the local climate
(Hewitson and Crane, 2002; MacKellar et al., 2009; Lennard
and Hegerl, 2015; Henderson et al., 2016).
We used SOM software from the Laboratory of Com-
puter and Information Science at Helsinki University of
Technology (Kohonen et al., 1996). Due to the relatively
small size of our data and to reduce the level of circula-
tion archetypes generalization, we initialised the data in
the SOM algorithm with 5 × 6 nodes (30 nodes) with a
rectangular topology and one phase of 50,000 iterations.
We analysed the anomalies during the drought period
(2015–2017) compared to the historical long-term climato-
logical reference (1981–2010), assessing the frequency of
the atmospheric circulation states identified by the SOM
algorithm. That frequency was expressed by the number of
node-days, that is, days when a given node occurred, in a
month. To provide understanding of conditions underlying
the drought, but not necessarily captured by the frequency
of synoptic states, we examined anomalies of rainfall char-
acteristics associated with each of the states identified by
the SOM. We calculated anomalies in rain-day frequency,
mean rainfall intensity, and total rainfall for each node on
a monthly basis, with the first and the second calculated
per node-days. We also determined the composite of mois-
ture flux and CAPE over Southern Africa with a focus on
the SWC domain on the node-days.
3 | RESULTS
3.1 | Rainfall anomalies in 2015–2017
The 2015–2017 SWC drought had a multi-year character,
which contributed strongly to its impact on Cape Town
FIGURE 1 (a) The South West of
the Western Cape (SWC) domain in
South Africa showing the topography
(meter) and the location of the 22
rainfall stations used in this study;
(b) total annual rainfall anomaly
(mm) for 1979–2017 for the 22 stations,
GPCC, and ERAINT datasets.
Anomalies of (c) monthly rainfall (mm),
(d) mean daily rainfall intensity (mm),
and (e) rain day for the 22 stations and
ERAINT data for each year in the
drought period. The thin lines represent
the individual stations, the bars the
mean anomalies for all stations, and the
thick lines represent GPCC and
ERAINT. All anomalies are calculated
inland over the SWC domain in (a) with
reference to 1981–2010 long-term
climatology. The area shaded in black in
(b) on the horizontal axis represents the
drought period (2015–2017). The
numbers in the upper left-hand corner
(a) and upper right-hand corner (b–e)
represent the correlation between
stations mean and each of GPCC and
ERAINT datasets [Colour figure can be
viewed at wileyonlinelibrary.com]
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water resources and the resulting water crisis. Total annual
rainfall in each of the 2015–2017 years was lower than the
long-term average, with the strongest anomaly in 2017
(Figure 1b), both in our station data, GPCC, and ERAINT.
This analysis agrees with previous studies on the drought
(Sousa et al., 2018; Abba Omar and Abiodun, 2020) and
provides a context for more specific analyses. On a monthly
basis, the anomaly manifested differently between seasons,
but the pattern of seasonal anomalies was similar between
years (Figure 1c). While rainfall in the core of the winter
rainfall season (June–July: “JJ”) was near or above normal,
in the shoulder season months (March–May: “MAM” and
August–October: “ASO”), rainfall was below normal in
2015 and 2017, and near normal in 2016. The total rainfall
anomaly in the shoulder seasons was caused by a combina-
tion of the lower frequency of rain-days and lower intensity
of daily rainfall events (Figure 1d,e).
3.2 | SOM circulation patterns
The weather in South-Western Cape is influenced by the
interaction of three factors reflecting subtropical and
temperate influences on the region's climate
(Reason, 2017): (a) strength of subsidence associated with
South Atlantic and South Indian subtropical anticy-
clones, with the related zonal positioning of the mid-
latitude westerlies, (2) thermal heating over the land
leading to sub-continental low pressure system, and
(3) the passage of the westerly wave. A more northerly
position of both the westerlies and high pressure over the
continent are characteristic of winter (June–August or
JJA), while a southerly position of the westerlies and low
pressure over the continent are characteristic of summer
(DJF); the westerly wave disturbance manifests time scale
of 6–8 days.
FIGURE 2 Daily (March–October) 850 hPa geopotential heights for 1979–2017 classified using the self-organizing maps (SOM) with
30 nodes. The arrows represent the moisture flux (gkg–1ms–1) at 850 hPa associated with each node. In the lower left-hand corner of each
panel is the frequency of occurrence of each SOMs node over the study period; while the number in the upper left-hand corner of each node
indicates the node number and position in the SOMs array. The letter in the upper left-hand corner of each node indicates the circulation
types represented by that node: ‘D’ for dry circulation nodes, ‘T’ for transition circulation nodes, and ‘W’ for the rain-bearing circulation
nodes [Colour figure can be viewed at wileyonlinelibrary.com]
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Rainfall producing nodes (winter-time conditions) are
represented in the SOM analysis by nodes in the top right
corner of the SOM array (Figure 2). The westerly wave
manifests strongly in winter circulation, with a cyclical
transition in the vicinity of the African continent
between the low pressure system associated with the
mid-latitude cyclones (node 6), followed by southerly
meridional flow (node 30), a ridging high pressure system
connecting Atlantic and Indian Ocean lows (node 25)
and circulation dominated by subtropical highs at the
wave's trough (node 1).
The SOM in Figure 2 does not capture typical sum-
mer conditions as November, December, January, and
February were not included in data used to develop it,
but it does represent transitional (spring/autumn) condi-
tions, with the westerlies in their more southerly posi-
tion, and with weak, or no continental low. Those
conditions are represented by nodes occupying the cen-
tral part of the SOM, with the northward position of the
westerlies increasing from bottom to top of the array. The
westerly wave still manifests within those nodes
(e.g., nodes 21–23, Figure 2).
Several specific circulation conditions are occurring
within this basic pattern, such as cut-off lows and west
coast troughs (Tyson and Preston-Whyte, 2000), but these
are less frequent and manifest by anomalies at smaller
scales, and are thus not captured within the relatively
large scale and generalized SOM patterns in Figure 2.
Those circulation types occur most frequently in the tran-
sition (spring/autumn) seasons (Tyson and Preston-
Whyte, 2000), and fall under the nodes in the central part
of the SOM.
In the core winter season (JJA), rain-bearing condi-
tions are associated with northerly positions of the west-
erlies and convergence occurring at the front of the
cyclonic disturbance (exemplified by node 6 in Figures 2
and 3), while dry conditions are associated with the
strong pressure ridge (nodes 7, 8, 13, 14, 19, 20, and
25–27) and near-parallel zonal flow (indicating a lack of
cyclonic disturbance) in the westerlies (e.g., node 1). In
FIGURE 3 Observed total monthly rainfall (mm.month-1) that occurred on days characterized by the circulation states represented in
Figure 2, during the climatological reference period (1981–2010; blue bars) and the drought period (2015–2017; orange bars). The number in
the upper left-hand corner of each node indicates the node number and position in the SOMs array. The letter in the upper right-hand
corner of each node indicates the circulation types represented by that node: ‘D’ for dry circulation nodes, ‘T’ for transition circulation
nodes, and ‘W’ for the rain-bearing circulation nodes [Colour figure can be viewed at wileyonlinelibrary.com]
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the transition seasons, our SOM does not clearly distin-
guish rain-bearing from dry circulation types, likely due
to its inability to resolve the particular patterns associated
with rain, that is, west coast troughs and cut-off lows.
These can likely fall under several regional circulation
types within the central part of the SOM. Only the better-
defined circulation of prefrontal conditions (nodes 8–9
and nodes 14–15) are characterized by dry conditions.
3.3 | Frequency of SOM circulation
patterns under climatological and drought
conditions
The similarity in the frequency of occurrence of the syn-
optic states across the SOM nodes during the March–
October season of 1979–2017 (Figure 2)—as shown by
the number in the lower left-hand corner—is an artefact
of SOM algorithm, which tends to equalize frequencies of
nodes describing the calibration data. The distribution of
the frequency of the synoptic circulation types across the
SOM array during the climatological reference period
(1981–2010) varies between months, however, reflecting
different synoptic conditions predominant during differ-
ent phases of the seasonal cycle (Figure 4), with three
regimes, described below.
In March, April, and October, the highest frequency
of occurrence of the synoptic types is located in the cen-
tre of the SOM array, reflecting the domination of transi-
tional circulation types over the SWC (Figure 4). In JJA,
under a winter regime, nodes along the right, top and left
boundary of the SOM array occur the most frequently.
May and September represent a mixed regime, where
both winter and transitional seasons conditions occur.
The anomalies in the frequency of the circulation types
in 2015–2017 relative to the climatological reference
(1981–2010) varied between months (Figure 4). In March
and April (transitional regime), there was a higher fre-
quency of states occurring typically in winter, including
the low-pressure systems associated with cold front and
thus rainfall over SWC (node 6). May, however, had dis-
tinctly fewer occurrences of that state, with markedly
FIGURE 4 Frequency of occurrence of SOM nodes shown in Figure 2 during the climatological reference period (1981–2010; blue or
bark bars) and the drought period (2015–2017; pink or light bars). The number in the upper left-hand corner of each node indicates the node
number and position in the SOMs array. The letter in the upper right-hand corner of each node indicates the circulation types represented
by that node: ‘D’ for dry circulation nodes, ‘T’ for transition circulation nodes, and ‘W’ for the rain-bearing circulation nodes [Colour figure
can be viewed at wileyonlinelibrary.com]
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higher frequency of states characterized by high pressure
south of the continent (nodes 19–20 and 25–26). June had
a lower frequency of the transitional regime states, but no
marked anomaly in the frequency of the typical winter
regime circulation states. July and August had a higher fre-
quency of transitional regime states characterized by the
more southerly position of the mid-latitude low pressure
and the westerlies (nodes in the bottom-central part of the
SOM). Overall, the shoulder season months were charac-
terized by an increase in dry and transitional circulation
types, while the core winter months were dominated by
wet and transition circulation types, resulting in lower
rainfall anomalies (Figures 3 and 4).
3.4 | Rainfall characteristics associated
with SOM circulation patterns
The total monthly rainfall contributed by individual cir-
culation states, during the climatological reference period
(1981–2010), is high for the nodes associated with the
strong winter-type frontal disturbance in the westerlies
(top right-hand corner of the SOM array, Figure 3). Rain-
fall is lower for the transitional circulation types (nodes
to the right of the diagonal) and very low or zero for the
dry circulation types (top left-hand corner).
During the 2015–2017 drought, there was a general
decrease in rainfall contributed by rain-bearing states
(with both high and moderate rainfall) except in April,
when rainfall contributed by nodes 4–6 and 12 increased
(Figure 3). In May, the contribution of the “wettest”
states was particularly low.
In order to disentangle the effects on rainfall anomaly
of change in frequency of synoptic states as captured by
SOM from other (thermodynamic) effects, we illustrate cli-
matological and drought-period characteristics of rainfall
on “node days”. Figure S1 shows rainfall intensity expressed
as the mean rainfall calculated for rain days (rainfall
≥1 mmday–1) per node day, and Figure 5 shows the fre-
quency of rain days calculated as a proportion of node days.
FIGURE 5 Fraction of rain days per node-days, that is, days characterised by the circulation states represented in Figure 2 during the
climatological reference period (1981–2010; blue or dark bars) and the drought period (2015–2017; pink or light bars). The number in the
upper left-hand corner of each node indicates the node number and position in the SOMs array. The letter in the upper right-hand corner of
each node indicates the circulation types represented by that node: ‘D’ for dry circulation nodes, ‘T’ for transition circulation nodes, and ‘W’
for the rain-bearing circulation nodes [Colour figure can be viewed at wileyonlinelibrary.com]
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The climatological (1981–2010) rainfall intensity and
frequency patterns are similar to those of total rainfall
(cf. Figures S1 and 5 with Figure 3), i.e., the highest
intensity and frequency is associated with node 6, moder-
ate values with the top-right, and lowest or null values
with the top-left and left-hand side section of the SOM
array. There seem to be higher rainfall intensities associ-
ated with the same circulation patterns occurring in July
than in other months. Also, there are some differences in
rain days per node day between months—for a number
of “drier” circulation patterns (nodes 20, 26, 27), there
are fewer rain days in the transitional seasons than when
those conditions occur in core winter (JJA). Those differ-
ences likely express seasonal and systematic differences
in rainfall drivers that are not captured by the SOM of
850 hPa geopotential field.
During the 2015–2017 drought in the SWC, the shape of
the distribution of rain days per node day remained similar
to its climatology (Figures 5) but with fewer rain days per
node day. Also, in all months, the decrease in the proportion
of rain days per node day was widespread across the SOM
array with; however, some increases in nodes with rain-
bearing circulation states in April and July. The per node
day rain also decreased during the 2015–2017 drought, like
rain days per node day (Figure S1). However, node 27, a
climatologically dry node, was wetter than normal during
the drought (Figure S1), which may probably be associated
with cut-off lows (Abba Omar and Abiodun, 2020).
It appears that the lower rainfall in the drought years
was from both a reduction in the number of rain-bearing
synoptic states and the reduction in the amount of rain
falling when these states did occur.
FIGURE 6 Latitude-height cross-section of moisture flux (gkg–1ms–1) averaged between 17.5–21E showing the 2015–2017 moisture
flux anomalies in March–October for days characterised by the circulation states represented in Figure 2. The black box on the horizontal
axis represents the SWC region. The number in the upper left-hand corner of each node indicates the node number and position in the
SOMs array. The letter in the upper right-hand corner of each node indicates the circulation types represented by that node: ‘D’ for dry
circulation nodes, ‘T’ for transition circulation nodes, and ‘W’ for the rain-bearing circulation nodes. The contour interval is 3 g.kg-1 m.s-1
[Colour figure can be viewed at wileyonlinelibrary.com]
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3.5 | Variables expressing local state of
the atmosphere
Figure 6 shows the latitude-height cross section of anom-
alies in moisture flux across the SOM array during the
2015–2017 drought. Overall, rain-bearing circulation
types are characterized by positive moisture flux anoma-
lies further south and negative anomalies over the SWC.
In most wet nodes (5, 6, and 10–12) the positive moisture
flux anomaly is located south of the SWC over the ocean
while, in nodes 17 and 18, there were no latitudinal
shifts, simply a reduction in overall flux (Figure 6). Anal-
ysis on the seasonal level (March–May, June–July, and
August–October) shows similar results especially in the
shoulder seasons (Figures S2–S4). The positive anomaly
in moisture flux to the south is concordant with
anomalies of westerly winds which during 2015–2017
were anomalously strong south of the SWC (over ocean)
and weaker over the SWC, especially in rain bearing
nodes (Figures 7, S5–S7).
During the 2015–2017 drought, there was a general
decrease in CAPE over the SWC across the SOM nodes
(Figures 8 and S8). CAPE anomalies depicted some simi-
larities with rainfall anomalies over the SWC. For exam-
ple, like total rainfall, CAPE increased in rain-bearing
circulation types in April (nodes 4–6), while it decreased
in May (Figures 4 and 8). Also, in March–June, August,
and October rainfall decreased (Figures 4 and S1) in most
nodes with transitional circulation types together with
CAPE (Figure 8). The decreases in CAPE, during the
drought period, would influence convection over the
SWC, which in return could influence droughts, on a
FIGURE 7 Latitude-height cross-section of zonal wind (ms–1) averaged between 17.5–21E showing the 2015–2017 zonal wind
anomalies in March–October for days characterised by the circulation states represented in Figure 2. The black box on the horizontal axis
represents the SWC region. The number in the upper left-hand corner of each node indicates the node number and position in the SOMs
array. The letter in the lower right-hand corner of each node indicates the circulation types represented by that node: ‘D’ for dry circulation
nodes, ‘T’ for transition circulation nodes, and ‘W’ for the rain-bearing circulation nodes. The contour interval is 1.5 m.s-1 [Colour figure can
be viewed at wileyonlinelibrary.com]
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long-time scale, and extreme weather events, on a shorter
time scale (Riemann-Campe et al., 2011).
4 | DISCUSSION AND
CONCLUSIONS
This study analysed the frequency of circulation types,
rainfall characteristics, along with associated local mois-
ture flux and CAPE, during the 2015–2017 drought over
the SWC compared to the previous (1981–2010) years.
We identified in this study two factors associated with
reduced rainfall during the drought. The first is the
decrease in the occurrence frequency of synoptic circula-
tion states associated with rain-bearing frontal systems
over the SWC and the increased frequency of dry and
transitional circulation types. Second is the decrease in
the amount of rainfall delivered when rain-bearing syn-
optic types were present. When rain-bearing nodes did
occur, they tended to be accompanied by a southward
shift of westerlies and moisture limiting the influx of
moisture into the region. During the 2015–2017 drought,
winter months were particularly characterized by persis-
tent high-pressure fields with frequent ridging of the two
SAH and SIH over the sub-continent suppressing rainfall
(intensity, frequency, and duration) over the SWC. This
agrees with Burls et al. (2019), who reported a link
between rain-bearing fronts and rainfall duration over
the SWC. The southward shift of westerlies and the per-
sistence of high pressure over the region also influenced
atmospheric moisture, which decreased during the
drought years, especially in the shoulder seasons over
the region. Additionally, the decrease of CAPE, during
the drought may have helped reduce the convective
potential over the SWC, further suppressing rainfall.
Our results suggest that a decrease in the frequency of
synoptic states associated with rain-bearing circulation
types was a major contributor to the 2015–2017 drought
in the SWC of South Africa, as it affected daily rainfall
characteristics (per-node rainfall amount, total monthly
FIGURE 8 Convective available potential energy (CAPE, Jkg–1) over the SWC on days characterised by the circulation states
represented in Figure 2 during the climatological reference period (1981–2010; blue or dark bars) and the drought period (2015–2017; pink
or light bars). The number in the upper left-hand corner of each node indicates the node number and position in the SOMs array. The letter
in the upper right-hand corner of each node indicates the circulation types represented by that node: ‘D’ for dry circulation nodes, ‘T’ for
transition circulation nodes, and ‘W’ for the rain-bearing circulation nodes. [Colour figure can be viewed at wileyonlinelibrary.com]
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rainfall, and rain-day frequency). This suggests that the
significant upward (downward) trend of dry (wet) circu-
lation types in most seasons (including winter) during
1979–2009 over Cape Town, reported by Lennard and
Hegerl (2015) at one Cape Town station, might have con-
tinued until 2017, affecting the rainfall frequency associ-
ated with these circulation types. Our results also align
with those of, Burls et al. (2019) who identified longer-
term drought trends linked to the combined influence of
a long-term (1910–2017) decrease of rainfall day fre-
quency associated with a more recent (1979–2017) deficit
in rainfall intensity. All these in conjunction with less
moisture influx into SWC, less westerlies reaching SWC,
and decreases in CAPE during 2015–2017 drove the rain-
fall deficit, which led to the SWC drought in 2015–2017.
In conclusion, it is important to highlight that the
drought was the result of the combination of several fac-
tors, the most important being the combined decrease in
rain-bearing circulation types and the increase in dry cir-
culation types, which influenced the decline in the local
rainfall (frequency and intensity). Also, the rainfall asso-
ciated with rain-bearing circulation types decreased dur-
ing the 2015–2017 drought due to a southward shift in
westerlies and less moisture influx into the SWC region.
Further studies may, therefore, improve these findings by
analysing the multi-year drought (2015–2017) as a com-
pound weather event to determine its dominant drivers.
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